Power hardware-in-the-loop (PHIL) simulation testing of a 500 kW Satcon photovoltaic (PV) inverter was conducted at the Center for Advanced Power Systems (CAPS) at Florida State University (FSU) from March 12 th through March 16 th 2012. Testing was led by a team from the National Renewable Energy Laboratory (NREL). This report reviews the results of data captured during the course of testing. The tests were used to demonstrate operation of and gather data from the inverter in a simulated operational environment. In particular, testing demonstrated the ability of the inverter to operate in either a Power Factor Control Mode (constant power factor), or a Reactive Power Command Mode (constant reactive power), and to respond to real power limits.
iii This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
Executive Summary
Power hardware-in-the-loop (PHIL) simulation testing of a 500 kW Satcon photovoltaic (PV) inverter was conducted at the Center for Advanced Power Systems (CAPS) at Florida State University (FSU) from March 12 th through March 16 th 2012. Testing was led by a team from the National Renewable Energy Laboratory (NREL). This report reviews the results of data captured during the course of testing. The tests were used to demonstrate operation of and gather data from the inverter in a simulated operational environment. In particular, testing demonstrated the ability of the inverter to operate in either a Power Factor Control Mode (constant power factor), or a Reactive Power Command Mode (constant reactive power), and to respond to real power limits.
The unit under test (UUT) was a Satcon 500 kW PowerGate Plus inverter with a native output voltage of 200 V. The inverter was connected to a variable DC signal from a variable voltage source (VVS) on the DC side, and a medium voltage (MV) transformer (200 V secondary/12.6 kV primary) connected to an AC VVS on the AC side. The DC VVS was programmed to follow a current reference which simulated one of two 15 minute irradiance scenarios. The AC VVS was configured to emulate an AC grid interconnection. Throughout testing, the system emulator measured and logged critical data at key test nodes with a time resolution of one second. In addition, high speed (0.065 to 1 msec) data was captured for certain test cases.
During the course of testing, five different parameters were varied: 
Inverter Command:
Depending on whether the inverter's control mode was set to Constant Power Factor Mode or Reactive Power Command Mode, the inverter was provided with either a power factor command (1.0, 0.95, 0.9, 0.85, inductive), or a constant reactive power command (0 kVAr, 150 kVAr, or 300 kVAr, inductive). 5. Size of the Emulated PV Installation: Simulations were conducted for both the "true" size of the emulated PV (500 kW), and for a scaled 2 MW installation. The 2 MW simulations scaled the inverter's actual current and voltage output to simulate the effect of a larger plant on the local distribution system.
Analysis of the test results indicates that the test configuration appears to replicate real-world operation of a PV inverter, and that the tests successfully demonstrated operation of the inverter across a range of constant power factor commands, and a range of constant reactive power commands. Several issues surrounding the system's response to limit conditions were identified for further investigation.
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The PHIL test configuration appears to closely replicate real-world operation of a PV inverter: Under a baseline configuration in which the inverter's power factor (PF) was set to 1.0, the inverter's power output was shown to closely track the reference signal. Minor fluctuations in the inverter's DC input were shown to be consistent with operation of the inverter's MPPT algorithm and the V-I profile assumed for the emulated PV installation. Occasional transient errors in the inverter's DC input signal under high power operation were attributed to a delay in the DC variable voltage source (VVS) which caused the inverter's MPPT to drift into a low-power regime.
The inverter's measured efficiency during testing tracks the inverter's rated CEC efficiency curve over its full range of power output. The measured efficiency was found to be systematically lower than the predicted efficiency by approximately 0.5% across the measured data points. We have speculated that this discrepancy is due to an unaccounted-for parasitic loss in the AC power measurement.
Demonstration of Power Factor Control Mode:
The inverter was operated across a range of power factors from 0.85 to 1.0, inductive, over two different irradiance profiles. Consistent with expectations, the inverter's actual PF was shown to closely track the commanded power factor. The error in the inverter's measured PF was typically well below 1% of its steady state value. Two minor issues were noted during testing, both of which we believe are artifacts of the test configuration:
-The inverter's actual PF shows a systematic error of approximately 1% compared to the commanded PF. This result would be consistent with an unaccounted for measurement error in the AC power output.
-Rapid changes in the system's real power output tend to correlate with errors of up to 3% in the inverter's actual PF. We have speculated that the protection elements on the inverter's DC bus, by limiting the inverter's ability to rapidly circulate power, slow its ability to rapidly change the reactive power output.
Demonstration of Reactive Power Command Mode: In Reactive Power Command Mode, the inverter was operated with constant reactive power commands of -150 and -300 kVAr over two different irradiance profiles. During these tests, the inverter's real power limit was configured such that the inverter would always have sufficient capacity to meet the reactive command. Analysis of the results showed that the inverter's reactive power output was within 2% of the commanded level when the inverter remained below its kVA limit. As the inverter approached its kVA limit, this error increased to 5%-10%. Measurements of the AC voltage at the inverter's terminals and the point of interconnect showed that the generation of reactive power has a measurable impact on the voltage of the distribution feeder in question, and that this effect is significantly larger for increasing plant size.
Oscillations in real and reactive power output when operating near the inverter's power limit: When operating near its power limits, the inverter exhibited oscillations in its real and reactive power output. Investigation of the available data suggests that the oscillations may be attributable to a lag in the inverter's curtailment of reactive power under limit conditions which was exacerbated by the effect of reactive power on the voltage at the inverter's terminals. 
Introduction
This test report analyzes the results of power hardware-in-the-loop (PHIL) simulation testing of a 500 kW Satcon photovoltaic (PV) inverter. . This report presents independent analysis conducted by Satcon of data captured during testing. It will focus specifically on the operation of the inverter during testing. The purpose of the report is to present analysis that:
1. Validates the microgrid test configuration by verifying that the inverter responds to the environment in a manner that is consistent with an equivalent real-world application 2. Demonstrates two different power control modes of the inverter 3. Identifies areas for further development or refinement of the inverter's existing power control functions, and identifies potential issues or modifications to the PHIL test approach for future similar PHIL tests.
Approach

Test Configuration
A diagram of the test setup, reproduced from the FSU test report [1] , is shown in Figure 1 . The unit under test (UUT) was a Satcon 500 kW PowerGate Plus inverter with a native output voltage of 200 V. As shown, the inverter was connected to a variable DC signal from a VVS on the DC side, and a medium voltage (MV) transformer (200 V secondary/12.6 kV primary) connected to an AC VVS on the AC side. A more detailed description of the test set up is included in the FSU/CAPS test report.
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. The DC VVS was programmed to follow a current reference which simulated one of two 15 minute irradiance scenarios (a moderate variability and a high variability scenario). At a given point in time, the VVS output current was calculated a function of the input irradiance current reference, which was used to scale a pre-programmed V-I characteristic ( Figure 2 ) between 0 (no power) and 1 (rated power); and the DC voltage, which was varied by the inverter according to its internal maximum power point tracking (MPPT) algorithm.
The AC VVS was configured to emulate an AC grid interconnection. It was configured to operate by sensing and adjusting the grid voltage and impedance seen by the inverter in response to pre-programmed distribution feeder models, and to the actual voltage and current output from the inverter.
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The test configuration included several non-standard elements to provide an added layer of protection to the inverter and other test equipment. These non-standard elements included:
1. A DC load bank (~2.5 ohm) connected between the DC high and low voltage to provide damping 2. A series connected diode on the positive side of the DC connection to prevent backfeeding of power into the VVS 3. In addition, the PHIL controls included current, voltage, and rate limits to ensure that the test equipment remained within its nominal operating condition.
Broadly speaking, we do not believe that these protection elements materially affected the overall results of the inverter testing. However, these elements may in some cases have slowed the inverter's transient response or introduce unexpected power or current limits, which could have caused anomalous measurements. These issues are discussed in greater detail in Section 3.
Throughout testing, the system emulator measured and logged critical data at key test nodes. This data included time, the 3-phase AC primary, 3-phase AC secondary, and DC current and voltage; the input irradiance reference; real and reactive power; and emulated voltage at different buses along the emulated distribution feeder. Data was primarily logged at one second intervals, although a few high speed data captures of specific events were also gathered.
Test Plan
Prior to testing, a test plan was jointly developed by NREL, FSU CAPS, Quanta Technology, and Satcon Technology. Testing entailed initial commissioning tests of the PHIL closed loop AC voltage control, followed by a series of tests which operated the inverter in multiple operating modes in the emulated microgrid environment. For the emulated microgrid testing, inverter operation was tested while varying five different characteristics of the simulated environment: 5. Size of the Emulated PV Installation: Simulations were conducted for both the "true" size of the emulated PV (500 kW), and for a scaled 2 MW installation. The 2 MW simulations scaled the inverter's actual current and voltage output to simulate the effect of a larger plant on the local distribution system.
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Results and Analysis
Subsequent to testing, data logs from the PHIL testing of the inverter were analyzed to evaluate system functionality and behavior. Satcon analyzed this data specifically to characterize and evaluate the inverter's operation. As such, we focused our analysis on measurements at the virtual PV site (i.e., the inverter's DC link, the inverter terminals, and the point of interconnect).
Data was captured at one second intervals for each of the two 15 minute irradiance scenarios. In addition, a limited amount of high speed data (one data set at 65 usec, one data set at 1 msec resolution) was captured to provide additional insight into some test results which appeared anomalous. The bulk of the below analysis focuses on the 1-second resolution data, which in general is useful for characterizing overall power flow, but it cannot characterize transient behavior at the level of a single electrical cycle. In addition, it can be difficult to distinguish causation given the lack of resolution relative to the inverter's control loop.
We reviewed results for the moderate and high variability cases with the inverter operating in Reactive Power Command mode and in Power Factor Control Mode across a range of inverter power commands. Initial review suggested that inverter operation at both points of interconnect ("Bus 3" and "Bus 31") were substantively the same. As such, the analysis included below focuses on the system results from just one of the bus connections. Similarly, because we have focused primarily on the inverter's performance, we have only analyzed the results of the scaled (2MW) system in the context of the effect of plant size on the local grid voltage.
DC-to-AC Power Conversion
Overview
To verify that the inverter's test configuration appropriately replicates a real-world operational environment, we reviewed the results to verify that the inverter's core power transfer capability operates as expected. Although there is insufficient data to analyze the inverter's sub-second response, the data captures were used to verify that: (1) the inverter's maximum power point tracking (MPPT) algorithm and the DC VVS operate as expected; (2) the inverter's power output tracks the reference irradiance signal; and (3) the inverter's power conversion losses are consistent with the inverter's CEC efficiency ratings.
Background on Maximum Power Point Tracking
As a starting point for discussion, it is useful to provide some background information on the inverter's maximum power point tracking (MPPT) algorithm. The power output for a solar panel or collection of solar panels at a given irradiance condition is a function of the panels' operating voltage. A characteristic power curve for a panel (such as that shown in Figure 2 ) typically shows a linear increase in power as voltage increases and current remains constant up to its maximum power, at which point the panels' current sharply decreases as voltage increases.
The inverter's MPPT algorithm is designed to optimize power extraction from the array of connected PV panels. It does so by perturbing the DC voltage around its current operating point, sensing the result, and, based on whether the change in voltage increases or decreases power compared to the previous state, it again adjusts the DC voltage. Given these general operating parameters, one would therefore expect the MPPT algorithm employed on Satcon inverters to exhibit the following characteristics during operation:
1. During steady state operation (i.e., constant power output from the emulated PV array), the inverter's DC input should track the reference irradiance, but with some variance around the reference signal. For a data capture with 1-second resolution, such as those captured during the FSU testing, this variance will appear random, as it is considerably slower than the MPPT's control bandwidth.
2. In theory, the inverter could experience a sudden drop in power if the MPPT voltage gets on the "wrong" (high voltage) side of the knee in the MPP curve. Conversely, power output will remain relatively stable as long as the MPPT keeps the DC voltage on the lefthand side of the knee in the MPP curve, but would generally decrease with decreasing voltage.
An example data capture that helps illustrate operation of the inverter's MPPT algorithm is shown in Figure 3 . The top figure shows the reference irradiance input, which is a series of constant power output commands ranging from 5% to 100% of the inverter's rated power. The bottom figure shows the inverter's actual DC voltage and current operating points throughout the data capture, overlaid with scaled V/I curves based on the pre-programmed V-I curve shown in Figure 2 . As shown, the VVS appears to operate along the constant power lines as expected.
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This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 
Power Tracking and Power Conversion
Data captures of the PV reference signal, the VVS DC output, the inverter's DC input, and the RMS AC output vs. time for the moderate and high variability profile are shown in Figure 4 and Figure 5 , respectively. In both cases, the inverter is operated in Power Factor Command Mode, with the Power Factor set to 1. As shown, the DC VVS output to the inverter (black) generally tracks the PV reference signal (blue). In turn, the DC input to the inverter (red) tracks the VVS output minus losses due to the series connected diode and the resistive load bank included as protective elements. The AC voltage (green) closely tracks the inverter's DC input, minus power conversion losses.
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This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. The small variations around the DC reference (e.g., as visible from time = 300 to time = 600 sec in Figure 4 ) are consistent with operation of the inverter's MPPT algorithm. As discussed above, the inverter's MPPT algorithm operates by perturbing the DC link voltage to sense the optimal operating point given current irradiance conditions, so one would expect the DC signal to track the reference, but to include some high frequency perturbations, which are on the order of 1-2% of the inverter's power output.
Of greater interest are the occasional transient departures of the inverter's output from the reference signal. That is, while the inverter's DC link closely follows the PV reference at power levels below the inverter's 500 kVA power rating, when the reference power output exceeds the inverter's kVA rating, there are occasional transient excursions in which the error in the DC input signal to the inverter (i.e., the difference between the power reference and the actual power on the DC link) is significantly more pronounced. These deviations are most visible in Figure 5 , or at t<200 in Figure 4 . For reference, a zoomed in capture of the high variability scenario from t=400 to t=600 is shown in Figure 6 .
In general, the error in the VVS output (defined as the VVS DC power output divided by the reference input) is <10%, and at high power, well under 5% of the total (Figure 7) . However, at power > 1 pu, there are occasional transients that are significantly larger (see t=500 in Figure 5 ). Upon examination of the inverter's V-I operating points, it is apparent that these transient errors are due to the inverter's MPPT algorithm getting on the wrong side of the knee in the MPP curve. This behavior is illustrated in Figure 8 , which shows the pathway of the V-I operating points for the moderate (top) and high (bottom) variability scenarios. In both data sets, the points corresponding to a DC power error > 10% are marked with a black circle. In virtually every case, these correspond to aberrantly high voltages, which in turn lead to low current.
While it is currently not clear why the MPPT algorithm allows the voltage to drift into this low power regime, after further discussions with FSU, we believe that these transients could be an artifact of the test configuration. During testing, the DC VVS's power limit settings were configured to use a filtered measurement for the DC voltage, but used an unfiltered measurement for the DC current. It appears that this caused the VVS to occasionally detect a power limit condition during periods of high irradiance when none was present, thereby limiting the VVS output current. Such a power limit condition would in effect introduce a mismatch between the response time of the VVS and the inverter's MPPT algorithm. In turn, the standard perturbation of the DC voltage would not register any change in current, which would cause the MPPT to move the voltage upward until the current was no longer limited.
It is also possible that the observed behavior reflects a miscalibration in the inverter's MPPT algorithm, which makes it over-aggressive when it nears the knee in the MPPT curve. However, the system only exhibits this behavior at the systems power limit, which would suggest that the cause is connected to a power limit in the inverter or the testing environment.
It should be noted that without a high speed data capture of this particular behavior, we cannot draw a firm conclusion as to the cause. However, this does suggest an area for additional examination during subsequent testing.
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This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
Power Conversion Efficiency
The inverter's power conversion efficiency, defined as the ratio of AC power to DC power is shown in Figure 9 . For reference, the inverter's CEC operating efficiency 3 at two different DC operating voltages is shown with dashed lines. In general, the DC voltage during testing ranged between 320 and 365V, so we would expect efficiency to nominally track between the two efficiency curves. The actual efficiency curve closely matches the predicted efficiency curve: the slope of the curves is nearly identical, while there appears to be a persistent error on the order of 0.5%. Such an error would be consistent with a systematic error in either the AC or DC power measurement, or some unaccounted for parasitic load. 4. In general, the VVS output current and the inverter's MPPT operate as expected.
There is an open question around the DC voltage's tendency to periodically drift to the low power regime of the V-I curve when the inverter is operating at near its power limit. We have speculated that this is an artifact of how the VVS power limits were implemented in the test facility, but are unable to confirm without further testing.
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Power Factor Control Mode
Overview
The inverter was operated in Power Factor Control Mode with PF settings of 0.85, 0.9, 0.95, and 1.0. In Power Factor Control mode, the inverter varies the reactive power output to maintain a constant (user-defined) power factor. The real and reactive power control limits for Power Factor Control Mode are shown in Figure 10 . The PF may be commanded to any value between 0.8 and 1.0, leading or lagging. For PF<1, the inverter's real power output is limited by the power factor command. 
Test Results
A plot (Figure 11 ) of the inverter's real vs. reactive power for the moderate (top) and high (bottom) variability scenarios illustrates the performance of the inverter's Power Factor Command mode. Each of the four sets of data points represents a different power factor command. As shown, at constant power factor, the real vs. reactive power curve is represented by a straight line projecting from the origin with a slope approximately equal to the commanded power factor. The line is bounded on one side by the origin (corresponding to zero power), and on the other side by a circle that corresponds to the inverter's power limit (S = sqrt(P2+Q2)). In power factor mode, this power limit has the effect of curtailing real power output during periods of high irradiance for PF<1.0 (Figure 12 ).
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. When PF vs. time is examined for each of the irradiance scenarios, it is apparent that the system tracks the PF command ( Figure 13 ). 4 However, at PF<1.0, there is a systematic error in which the actual PF is slightly lower than the commanded level (i.e., for PF command = 0.95, actual PF is approximately 0.94). Given that we observed a similar systematic error in the inverter's power conversion efficiency calculation, we speculate that this reflects a measurement error at the PHIL facility. This question will be explored in subsequent testing, but does not reflect a significant cause for concern.
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. Figure 14 (top). In addition to the above-noted systematic error, occasional transient deviations from the commanded power factor of approximately +/-3% of the PF command are evident during rapid transients in the reference irradiance signal. For reference, the system's AC power output is shown in the bottom figure. For example, the two largest deviations (PF=0.85, in green at t~180 sec, and t~480 sec) correspond to rapid changes in the system's power output. We speculate that this relatively slow response of the inverter's reactive power output is due to the presence of the protective elements (load bank and diode) on the DC link, which slows the ability of the inverter to circulate/absorb reactive power.
Reactive Power Command Mode
Overview
The inverter was operated in Reactive Power Command Mode with reactive power commands of 0 kVAr, -200 kVAr, and -300 kVAr. In Reactive Power Command Mode, the inverter outputs constant reactive power, up to the inverter's KVA rating. If the sum of the prevailing real power limit and the reactive power command exceed the inverter's power rating, the reactive power command is reduced to remain within the inverter's limits. During initial testing of the reactive power mode, the inverter's real and reactive power were observed to oscillate when the inverter reached its 500 kW power rating, which suggested that the inverter was either adversely interacting with the FSU test environment, or that the inverter's regulator does not correctly handle the limit condition. These test results are discussed in greater detail below (Section 3.3.2).
To enable continued testing of the inverter's Reactive Power Command Mode, during subsequent testing, the inverter's real power limit was set such that the sum of the real power limit and reactive power command was slightly below the inverter's power rating. Limiting the real power output ensured that the inverter maintained constant reactive power output throughout the test scenarios.
Test Results
A plot of the inverter's real and reactive power output for the high (top) and moderate (bottom) variability scenarios is shown in Figure 16 . As shown, the real power for the 150 kVAr case (red) is slightly curtailed due to a real power limit of 475 kW. For the 300 kVAr case (black), the inverter's real power limit is set to 400 kW. As such, the inverter's real power output is curtailed for significant periods of both scenarios (evidenced by the periods in which the power output "flat tops"). Figure 17 shows the inverter's real power output plotted against the reactive power This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. output throughout the data capture. The dashed line represents the inverter's kVA power limit for a given reactive power command. As shown, for each scenario, the inverter's reactive power output is nearly constant while the real power varies.
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Effect of Reactive Power on Grid Voltage
Although Satcon did not conduct independent testing or validation of the emulated distribution feeder, we reviewed the results to evaluate, in a qualitative sense, the effect of real and reactive power on the localized grid voltage. Testing showed that the inverter's reactive power level had a measurable impact on the AC grid voltage at the point of interconnect.
During the course of testing, voltage was measured at the inverter's terminals (transformer secondary, nominal voltage of 0.2 kV) and at the point of interconnect (transformer primary, nominal voltage of 12.6 kV). As shown in Figure 18 (top set of plots), injection of (inductive) reactive power causes the voltage at the inverter terminals (i.e., the transformer secondary) to go down by approximately 2% for the -150 kVAr case, and 4% for the -300 kVAr case, which is directionally consistent with what one would expect. These results are the same regardless of whether plant size is 0.5 MVA (left plot) or 2 MVA (right plot). 
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The effect of reactive power on voltage is less pronounced, but still visible, when voltage is measured at the transformer primary ( Figure 18 , bottom set of plots), due to the impedance of the grid. For the 0.5 MVA case (left hand, bottom plot), the voltage on the feeder goes down by approximately 0.3% for each successive increase in reactive power. For the 2 MVA case (right hand plot), the effect of reactive power on the grid voltage is more pronounced, as the total power injection is considerably higher. For example, moving from 0 to -150kVAr moves the voltage down by approximately 1%. Note that for the 2 MVA tests, the -300 kVAr case results in higher voltage measured at the POI. This is due to a change in the capacitor bank configuration, which moves the local voltage set point upwards.
Oscillations in Reactive Power Command Mode
During the course of testing, oscillations in the inverter's real and reactive power output were noted when the inverter was operated in Reactive Power Command Mode. These oscillations were specifically noted under the following test conditions: In theory, for the above set of conditions, the inverter should reduce its reactive power to remain within the inverter's power limits, while delivering as much real power as available. However, it should be noted that, in practice, there is very limited operational experience with the inverter operating in these conditions. (i.e., for prior field deployments of the Reactive Power Command Mode, the reactive power command has been considerably lower, and the inverter has been configured to limit real power such that there is always capacity available to meet the reactive power command). When these oscillations were noted, the planned test procedure was modified to limit the inverter power, which was more consistent with prior operational experience.
Subsequent to testing, we reviewed data, the test configuration, and the inverter's control algorithms to try to identify a plausible mechanism for the observed behavior. A data capture of one of the tests in question is shown in Figure 19 . As noted above, the reactive power command was -200 kVAr. As shown, the inverter's real and reactive power are stable and follow the reference command until the inverter approaches its kVA limit. At this point, both the real and reactive power begin varying considerably off of their respective set points. The variations in real power are on the order of 20% of the inverter's power reference (i.e., variation of 100 kW for a reference signal of roughly 500 kW). The variations in reactive power are also on the order of 100 kVA, but on a command of -200 kVA.
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. In addition to the low resolution data, a brief high resolution capture (0.4 second duration, 65 usec resolution) of the test run in question was taken during testing ( Figure 20) . Figure 21 shows similar data, but scales several of the data points to a reference value of one pu (marked by the red dash line). It should be noted that some of the data represents filtered quantities (and hence is delayed), so it is somewhat difficult to distinguish the precise sequence of events. An additional high speed data capture (constant real power reference signal at > 1 pu, constant reactive power of -200 kVAr, 2 second duration, 1 msec resolution) in which the PHIL's closed loop voltage regulation was disabled shows similar oscillations (Figure 21 ). Unfortunately, we only have high speed data captures of anomalous behavior, so there is no baseline to compare against.
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This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. Based on the results of these and other data captures, we can make the following general observations:
1. Oscillations appear to occur somewhat regularly at 5-6 Hz.
2. The results of previous tests show that the inverter has some small, but visible variance in its real power output, even in the presence of a constant DC reference. This is due to the inverter's MPPT algorithm, which perturbs the DC link voltage to sense whether it is at the local optimum power point. As such, one would expect that, as the inverter approaches its power limit, these real power fluctuations would be accompanied by reactive power fluctuation such that the vector sum of real and reactive power is near constant. However, for prior tests (e.g., PF = 1.0, as presented in Section 3.1.3), these fluctuations are on the order of a few (1 to 2%) percent. In contrast, the observed fluctuations are up to 20% of the inverter's power rating. Thus, the surprising result from the test captures shown in Figure 19 and Figure 20 is not the presence of the fluctuations, but the magnitude of the oscillation.
Section 3.1.3, which were specifically connected to the DC link voltage increasing such that the voltage was on the low power side of the knee in the V-I curve). It is not immediately obvious why the DC voltage decreases.
4. The injection of reactive power has a significantly larger effect on the voltage at the inverter terminals than that seen in other tests. Specifically, as the reactive power becomes more negative, the voltage at the inverter terminals decreases, reaching as low as 0.95 pu (0.19 kV). Conversely, as the reactive power goes to zero, the voltage at the inverter terminals rise, reaching nearly 1.1 pu (0.22 kV). In addition, the effect of the reactive power on the voltage at the inverter terminals is considerably greater than that seen in other test runs. For example, Figure 23 compares the variation in voltage as a function of reactive power for the anomalous data capture (blue dots, -200 kVAr commanded, no power limit) with several test runs in which the inverter's power factor command was varied (black dots); or in which reactive power was commanded, but for which the inverter's power limit was set (green and red dots). The clustered blue dots (at -200 kVAr, ~0.2 kV) in the figure correspond to those points at which the inverter's operation was stable, and are directly in line with the trend observed for other data captures. The scattered blue data points generally correspond to the periods in which oscillations were noted. 6. Real power increases correlate with reactive power decreases (suggesting that the inverter is at or near a limit), but the inverter does not appear to ever actually reach 500 kVA (see fourth and fifth plots in Figure 20) . However, the inverter does appear to hit a current limit of 2.5 kA (top plot in Figure 22 and Figure 21 , note that the current, shown in blue, crosses the current limit, marked by the red dashed line) due to the low line voltage at high Q.
Conclusions
Satcon conducted an independent review of the results of inverter power hardware in the loop (PHIL) tests of a 500 kVA Satcon PowerGate Plus operating in an emulated microgrid environment. The results tests were used to demonstrate operation of and gather data from the inverter in a simulated operational environment. In particular, testing demonstrated the ability of the inverter to operate in either a Power Factor Control Mode (constant power factor), or a Reactive Power Command Mode (constant reactive power), and to respond to real power limits.
Broadly speaking, analysis of the test results indicates that the test configuration appears to replicate real-world operation of a PV inverter, and that the tests successfully demonstrated operation of the inverter across a range of constant power factor commands, and a range of constant reactive power commands. Several issues surrounding the system's response to limit conditions were identified for further investigation during subsequent development or testing.
The PHIL test configuration appears to closely replicate real-world operation of a PV inverter: Under a baseline configuration in which the inverter's power factor was set to 1.0, the inverter's power output was shown to closely track the reference signal. Minor fluctuations in the inverter's DC input were shown to be consistent with operation of the inverter's MPPT algorithm and the V-I profile assumed for the emulated PV installation. Occasional transient errors in the inverter's DC input signal under high power operation were attributed to a delay in the DC VVS which caused the inverter's MPPT to drift into a low-power regime. The inverter's measured efficiency during testing tracks the inverter's rated CEC efficiency curve over its full range of power output. The measured efficiency was found to be systematically lower than the predicted efficiency by approximately 0.5% across the measured data points. We have speculated that this discrepancy is due to an unaccounted-for parasitic loss in the AC power measurement.
Demonstration of Power Factor Control Mode:
The inverter was operated across a range of power factors from 0.85 to 1.0, inductive, over two different irradiance profiles. Consistent with expectations, the inverter's actual power factor was shown to closely track the commanded power factor. The error in the inverter's measured PF was typically well below 1% of its steady state value. Two minor issues were noted during testing, both of which we believe are artifacts of the test configuration:
-The inverter's actual PF shows a systematic error of approximately 1% compared to the commanded PF. This result would be consistent with an unaccounted for measurement error in the AC power output. -Rapid changes in the system's real power output tend to correlate with errors of up to 3% in the inverter's actual PF. We have speculated that the protection elements on the inverter's DC bus, by limiting the inverter's ability to rapidly circulate power, slow its ability to rapidly change the reactive power output.
Demonstration of Reactive Power Command Mode:
In Reactive Power Command Mode, the inverter was operated with constant reactive power commands of -150 and -300 kVAr over two different irradiance profiles. During these tests, the inverter's real power limit was configured such that the inverter would always have sufficient capacity to meet the reactive command. Analysis of the results showed that the inverter's reactive power output was within 2% of the
